The effects of L-methionine (Met) on tissue distribution of methylmercury (MeHg) in mice were investigated and compared to those of other amino acids and amino acid analogues to determine whether Met could play special roles in distribution of MeHg. Three hr after the injection with MeHg-L-cysteine (Cys) (10 mol/kg each), brain Hg concentration was suppressed by a co-injection with Met, L-phenylalanine (Phe), L-leucine (Leu) or 2-amino-2-norbornanecarboxylic acid (BCH), although the concentration was not affected by that with L-serine, ␣-aminoisobutyric acid or ␣-(methylamino)isobutyric acid. Hg concentration in liver was enhanced but that in the kidney was suppressed only by the co-injection with Met. Hg concentrations in blood and plasma were suppressed only by Met at least within 2 hr, but these differences disappeared at 3 hr. These results suggest that Met plays important and special roles in tissue distribution of MeHg in mice, at least in the liver and kidney, although MeHg distribution in the brain is similarly affected by not only Met but also other compounds such as Phe, Leu and BCH.
INTRODUCTION
Methylmercury (MeHg) is easily absorbed from intestine, and passes through almost all barriers including blood-brain and blood-placenta barriers. 1, 2) These properties of MeHg result in its long half-life and toxicity for the central nervous system and fetus. MeHg is known to have a high affinity for the thiol group. 3, 4) Therefore, in plasma, most MeHg binds to albumin, 5, 6) and MeHg conjugates with Lcysteine (Cys) or glutathione (GSH) are also observed. 7) In addition, these low molecular weight (LMW) thiol compounds accelerate the intestine absorption 8) and tissue uptake of MeHg, 9, 10) suggesting that MeHg conjugates with these compounds appear to be a driving force in the MeHg transport into various tissues. Interestingly, GSH is important for the MeHg secretion from tissues, particularly in liver and kidney, for the following reasons. 5, 11) MeHg-GSH secreted from the liver to circulation is transported to the kidney, 5, 11, 12) and renal accumulation (including urinary excretion) of MeHg reflects the efflux rate of GSH from the liver. 5, 11) In addition, a similar relationship between urinary excretion of MeHg and the efflux rate of GSH from the kidney is also investigated. 5, 11) Thus, LMW thiol compounds can modulate tissue accumulation of MeHg in several ways.
It has been revealed that in vivo MeHg transport into the brain 9, [13] [14] [15] and fetus 16) is markedly suppressed by neutral amino acids such as L-methionine (Met) and L-phenylalanine (Phe), since the constitution of MeHg-Cys is similar to that of Met. In addition, an in vitro study using epithelial cells demonstrates that uptake of MeHg-Cys into the cells is also inhibited by Met. 17) Therefore, MeHg-Cys has been considered to pass through the neutral amino acid transport system, 9, 10, [13] [14] [15] especially the Na + -independent system L that prefers the large neutral amino acids. [18] [19] [20] Although Met is a high affinity substrate for this system, [18] [19] [20] it is converted to Cys 21) that can enhance the tissue uptake of MeHg. 9,10) Accordingly, Met might play complex and special roles in the fate of MeHg compared to other amino acids. It is reported that an inhibitory level on placenta transport of MeHg by Met is lower than by Phe, due to the Met-induced increase in a plasma Cys concentration. 16 ) However, only a few reports reveal the differences in the effects of Met and other amino acids on MeHg accumulation in tissues without brain such as liver and kidney.
In the present study, the effects of Met on tissue distribution of MeHg were examined after a co-injection with MeHg-Cys, and were compared to those of other neutral amino acids and amino acid analogues (non-metabolisable substrates for the amino acid transport system). In addition, MeHg distribu-*To whom correspondence should be addressed: Faculty of Pharmaceutical Sciences, Chiba Institute of Science, 15-8 Shiomicho, Choshi, Chiba 288-0025, Japan. Tel.: +81-479-30-4684; Fax: +81-479-30-4740; E-mail: tadachi@cis.ac.jp tion in plasma was also investigated to estimate the contribution of Met to alterations in the levels of plasma LMW thiol compounds.
MATERIALS AND METHODS
Reagents ---Methylmercuric chloride was obtained from Tokyo Chemical Industry Co. (Tokyo, Japan). Amino acids [Cys, Met, Phe, L-leucine (Leu), and L-serine (Ser)] and α-aminoisobutyric acid (AIB) were purchased from Wako Pure Chemical Industries (Osaka, Japan). 2-amino-2-norbornanecarboxylic acid (BCH) and α-(methylamino)isobutyric acid (MeAIB) were purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Animals ---C57BL/6N male mice were obtained from CLEA Japan Co. (Osaka, Japan), and maintained at 23 ± 2°C and 50-60% relative humidity and exposed to a 12-hr light cycle from 7:00 a.m. Mice were maintained on standard laboratory chow (CE-2, CLEA Japan Co.) and tap water ad libitum. All experimental procedures were approved by the Ethics Committee on Animal Experiments of the National Institute for Minamata Disease (NIMD). MeHg Injection and Mercury Determination ---MeHg and Cys (1 : 1) were dissolved in saline, and some of the divided solutions were mixed with an amino acid or amino acid analogue, with a final concentration 100 times higher than MeHg. MeHg solution was injected into the tail vein of mice (age 8 weeks) at a dose of 10 µmol Hg/kg. Three hr after the injection, each mouse was anesthetized using pentobarbital. Blood was collected from the inferior caval vein in a heparinized syringe, and an aliquot of blood was centrifuged at 3000 rpm for 3 min to separate plasma. Each mouse was perfused via the heart with ice-cold saline to remove blood from tissues, and kidney, liver and brain were then excised. Hg content in each sample was determined by the oxygen combustion-gold amalgamation method 22) using a Rigaku Mercury Analyzer SP-3 or MA-2 (Nippon Instruments Co., Tokyo, Japan) and expressed as total Hg. The effects of Met on the fate of MeHg were also examined 1 hr after the injection.
Other mice intravenously injected with MeHgCys solution with or without Met mentioned above were anesthetized using ether 2 hr after the injection. Blood was collected from the femoral artery using a heparinized glass pipette, and from its aliquot, plasma was obtained as described above. An aliquot of the fresh plasma was immediately subjected to ultrafiltration using a Kurabo Centricut W-50 membrane filter at 5000 × g for 4 min to obtain less than 50000 molecular weight fraction. Total Hg concentrations in the filtrates (plasma LMW fraction), whole plasma, and blood were determined as described above. Statistical Analysis ---Significant differences between individual means were determined by oneway analysis of variance (ANOVA) followed by Duncan's new multiple range test or Student's t-test. Differences were considered significant at p < 0.05. Figure 1 shows Hg concentrations (expressed as percentages in relation to Hg levels in the respective control mice injected with MeHg-Cys alone) in various tissues after simultaneous injection together with MeHg-Cys and one of the amino acids or amino acid analogues. Three hr after the injection, brain Hg concentration was significantly suppressed by Met, Phe, Leu and BCH (Fig. 1A, nos. 1-4, 6 ), but was not affected by Ser, AIB and MeAIB (Fig. 1A , nos. 1, 5, 7, 8) . At that time, Hg concentration in liver was enhanced but that in kidney was suppressed by Met, whereas the concentrations were not affected by other compounds (Fig. 1B and 1C, nos. 1-8 ). Met similarly affected Hg concentrations in these tissues even at 1 hr, as were the cases at 3 hr (Fig. 1A-1C , nos. 1, 2, 9, 10). Hg concentrations in blood and plasma were significantly suppressed only by Met at 1 hr (Fig. 1D and 1E , nos. 9, 10), although there was no significant difference in these concentrations at 3 hr (Fig. 1D and 1E, nos. 1-8) . Thus, Met alone could affect the MeHg distribution in all tissues examined.
RESULTS
To clarify the reason for the alterations in tissue accumulation of MeHg caused by the co-injection with Met, the effects of Met on MeHg distribution were examined in circulation including Hg concentration in plasma LMW fraction, which reflects a driving force in tissue uptake of MeHg.
7,10) Although Hg concentrations in both blood and whole plasma were suppressed by Met 2 hr after the injection of MeHg-Cys, the percentage of Hg concentration in the whole plasma in relation to that in the blood was enhanced (Table 1 ). In addition, Met significantly enhanced the percentage of Hg concentration in the plasma LMW fraction to that in the whole plasma (Table 1) . However, Hg concentration in the LMW laevis oocytes that reveals the uptake of MeHg-Cys is enhanced by a co-expression of LAT-1 and 4F2 heavy chain, 23) by which Na + -independent uptake of neutral amino acids with branched or bulky chains is reported to be increased. 18) Met, Phe, Leu and BCH (a selective inhibitor for the system L) 19, 20) are high affinity substrates for the system L, [18] [19] [20] whereas Ser (a high affinity substrate for the system ASC and asc) [18] [19] [20] 24) and MeAIB (a selective inhibitor for the system A) 19) are not. In this study, brain uptake of MeHg-Cys would competitively be inhibited by the former but not by the latter (Fig. 1A) , which coincides with the hypothesis mentioned above. In confraction tended to be enhanced by Met, but not significantly so (Table 1) .
DISCUSSION
In the present study, MeHg accumulation in the brain was suppressed by a co-injection with some compounds including Met (Fig. 1A) . It has been suggested that MeHg is transported into the brain as its Cys conjugate through the neutral amino acid transport system L. 9, 10, [13] [14] [15] 17) This hypothesis has recently been confirmed by the study using Xenopus Mice were intravenously injected with MeHg-Cys (10 µmol/kg each) alone (Control) or co-injected with MeHg-Cys (10 µmol/kg each) and each compound (Met, Phe, Leu, Ser, BCH, AIB or MeAIB, 1 mmol/kg each). Values (percentages of tissue Hg concentrations in relation to those in the respective control mice) represent the mean ± S.D. obtained from 3 to 6 mice. Hg concentrations in the control mice at 1 and 3 hr were 0.24 ± 0.05 and 0.25 ± 0.01 µg/g in the brain, 1.21 ± 0.10 and 4.49 ± 0.19 µg/g in the liver, 27.39 ± 2.73 and 41.25 ± 2.51 µg/g in the kidney, 3.92 ± 0.55 and 1.96 ± 0.19 µg/ml in the blood and 1.17 ± 0.21 and 0.64 ± 0.06 µg/ml in the plasma, respectively. (*) and (**) indicate significant differences from the respective control mice at the specified times at p < 0.05 and p < 0.01, respectively. trast, AIB, which is a high affinity substrate for the system A and asc but also transported through the system L, 19, 24, 25) could not inhibit the uptake (Fig. 1A) . Therefore, further study would be necessary in regard to the role of AIB for in vivo transport of MeHg into the brain. The previous study indicated that Met increased a plasma Cys concentration in pregnant rats, and this increase would cause that Met showed a lower inhibitory level than Phe in placenta transport of MeHg. 16) Contrary to this finding, in this study using mice, Met did not affect the Hg concentration in plasma LMW fraction (Table 1) , which reflects a driving force in tissue uptake of MeHg. 7, 10) Therefore, the inhibitory level of brain uptake of MeHg by Met might be identical to the levels by other compounds including Phe (Fig. 1A) .
Different from in the brain, Hg concentrations in other tissues such as liver and kidney were affected only by a co-injection with Met ( Fig. 1B and  1C) , suggesting that these alterations would not be caused by the effects through the amino acid transport system. It has been reported that Met inhibits GSH efflux from liver, and this leads to an increase in the hepatic GSH concentration. 26, 27) Since MeHg-GSH secreted from the liver to circulation is transported to the kidney, 5, 11, 12) this might be a major reason that co-injected Met with MeHg-Cys causes not only the increased hepatic Hg level but also the decreased levels in the kidney, blood and plasma (Fig. 1B-1E) .
It has been demonstrated that the fate of MeHg is affected by dietary levels of protein and sulfur amino acids, [28] [29] [30] [31] [32] [33] through the alterations in the metabolism of thiol compounds such as GSH 28, 29, 34, 35) and in the amino acid transport. 29, 31, 32, 34) Interestingly, a dietary Met supplement to the refined diet increased Hg accumulation in the liver and decreased that in the kidney regardless of dietary protein levels. 31) Since similar effects of co-injected Met with MeHgCys were observed in this study (Fig. 1B and 1C) , such alterations might be a special effect of Met on tissue distribution of MeHg. However, there might be marked species differences in the effects of Met at least between mice and rats, since infusion of Met did not affect the Hg concentrations in liver and kidney in rats injected with MeHg-Cys. 14) In conclusion, Met plays important and special roles in tissue distribution of MeHg in mice, especially in the liver and kidney, except for competitively inhibiting tissue uptake of MeHg through the amino acid transport system as observed in the brain. 
